Differential Scanning Calorimetry has been used to study the phase transformations in Al-Li-Cu-Mg-Zr alloys conforming to the commercial 8090 and 8091 specifications, together with selected binary and ternary alloys of similar solute concentrations. The evidence supports the existence of GP zones in the binary A1-Li system and demonstrates that their formation is affected by the presence of other solutes. Lithium slows down the precipitation of Al-Cu-Mg GP zones and of S phase.
INTRODUCTION
The commercial develoment of the Al-Li-Cu-Mg based alloys has prompted investigations of the basic phase equilibria and transformations which can occur within this system and its component binaries and ternaries (1) . Much of the research has involved microstructural examination although physical techniques, notably Differential Scanning Calorimetry (DSC) have provided important additional information. Specifically a second level of metastability in the A1-Li system, within the a + 6' phase field, has been proposed and interpreted in terms of GP zone formation at low temperatures (2, 3) ; microstructural investigations however have been unable to confirm the existence of such zones. DSC studies have concentrated on the binary system although a receqt investigation covered alloys within two of the component ternary systems (4) . The present research has used DSC to investigate the role of zirconium additions to the binary system and quaternary alloys within the 8090 and 8091 specifications (5) .
EXPERIMENTAL PROCEDURE
The compositions of the alloys are included in Table I : Alloys I to IV were cast under argon from high purity metals and were either extruded to 3mm strip or hot rolled to Imm sheet. Alloys conforming to 8091 and 8090 specifications respectively were DC cast and rolled to 1.6mm sheet by British Alcan. Alloy samples were solution heat treated for 20 minutes at 540°C (580°C for 8090 into water; thermal analysis was undertaken immediately after quenching (AQ), after natural ageing for 3 months at room temperature (NA), and after an artificial ageing treatment at 18S°C for 8 hours (AA) unless stated otherwise.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987350 Differential Scanning Calorimetry (DSC) was undertaken in a Dupont 9900 thermal analyser and a Perkin Elmer DSC2; samples of 15mg and 60mg respectively were prepared for each alloy and heat-treated. For each sample the baseline over the temperature range 50-400°C was first defined with the cell containing only an empty aluminium sample pan; a sapphire standard with known specific heat was then included to provide a cell calibration check. The sample was then inserted into the aluminium pan and allowed to equilibrate for 45 seconds at 40°c in the cell; the specimen was then heated at 10°C/min to 400'~ with the heat flow between specimen and cell being continuously monitored. Specific heat capacity measurements were then calculated from the heat flow curves.
At selected posit~ons during the DSC thermal cycle, the specimens were removed from the cell and rapidly quenched into water. Specimens for microstructural investigation via Transmission Electron Microscopy (TEM) were then prepared by mechanical and electrolytic polishing using 30% HNO, in C2H50H at -20°C. Thin foils were examined in a JEOL 20OCX Temscan operating at 200KeV.
RESULTS
Specific heat@) m -t s o n the binary A1-Li alloy in the as-quenched (AQ) naturally aged (NA) and artificially aged (AA) conditions are shown in Figure 1 ; the as-quenched specimens were unavoidably delayed for between 30 and 150 minutes at room temperature prior to thermal analysis. In Figure 1 , the dotted line is an estimation of the base line, representing the alloy's specific heat (CCp) as a function of temperature, using the Neumann-Kopp prediction (6).When S > XCp an endothermic reaction is taking place, and when S < CCp an exothermic process is occurring. In the case of age-hardening alloys formation of precipitate phases is normally an exothermic process whilst their dissolution is an endothermic reaction.
In the AQ condition in Figure 1 , the specific heat appears to move in an exothermic direction during the earliest stages of heating (A). This behaviour is terminated by the endothermic reaction at 130°C (B) which has previously been interpreted in terms of the dissolution of GP zones of A1-Li system (3) or retrogression of fine 6' (7) which.form rapidly at room temperature or during the quenching process. The subsequent exotherm at 170°C (C) is similar to those observed in previous work (2, 3, 7) and is generally considered to be associated with 6' formation, but the magnitude of this thermalfluctuation depends critically upon the exact position of the Newmann-Kopp baseline (XCp) which is difficult to determine accurately. The endotherm "peaking" at 300°C (D,) is again consistent with previous thermal analysis studies on binary A1-Li alloys and is attributed to 6' dissolution.
TEM studles of the as-quenched material revealed the presence of superlattice reflections in electron diffraction patterns prior to any heating in the DSC; however no 6' particles could be clearly imaged in dark field at this stage. Previous workers have imaged particles of 6' and quoted sizes variously as 1.5 or 3nm in similar alloys (8, 9) .
This suggests that the rate of quenching is very important in determining the room temperature 6' size and distribution. After being heated to 250°C in the DSC and quenched, samples contained a homogeneous distribution of 6' particles (?. lOnm in diameter). Similar TEM studies after heating to 300°C revealed fewer 6' particles 35nm in diameter [with very fine 6' (<4nm) distributed throughout the matrix, presumably having formed from supersaturated solution during the quench from 30O0C]; these observations are consistent with endotherm D, being due to 6' dissolution.
Microscopic observations of the naturally aged alloy revealed similar features to the as-quenched material but the 6' could now be clearly imaged (?. 5nmparticles). The DSC traces showed some notable differences. The endotherm at 130°C became more pronounced and contained indications of two maxima (B1 and B,) as seen in Figure 1 .
In a similar fashion the 6' dissolution peak is made broader by the appearance of a shoulder on the curve at about 250°C (D ). These curves are similar in form to 1 those of Nozato and Nakai (2). They attribute B to the dissolution of an additional GP zone phase and D to the dissolution of 6'lparticles having short range order. This interpretation will be discussed in the light of all the results later in this Faner.
Artificial ageing prior to thermal analysis results in the disappearance of the dissolution reactions occurring early in the continuous heating cycle ( B I and B2 < 150°C) whilst the endothermic peak is more prominent and extends down to 220°C (ie. between D2 and D ). The change in shape of the endotherm from that of the asquenched material (D ) on artifical ageing is also clearly evident in the previous studies of binary alloys. It is generally associated with 6 ' dissolution although the reasons for the change in peak shape have not been satisfactorily resolved. This is considered in the discussion section. TEM observations showed that the 6' present after age-hardening remained essentially unchanged in size (% 20nm) during continuous heating up to 250°C in the DSC, although the volume fraction may be reduced.
The addition of 0.1% Zr to the binary alloy gives rise to substantial changes to the thermal analysis traces (~igure 2). In the AQ condition the low temperature exotherms and endotherms (<150°C) seen in the binary alloy are no longer evident, but the exothermic reaction (C) at 170°C is much more pronounced. The endothermic reaction (D ) associated with 6' dissolution is more symmetrical with the peak 2 moving below 300°C to about 270°C. Again this 6' dissolution endotherm broadens with natural ageing and develops a plateau between D and D2 after artificial ageing 1 extending down in temperature to 220°C as observed in the binary alloy. Artificial ageing also substantially reduces the 6' formation exotherm (C) at 170°C.
The microstructural effects of Zr are twofold. The solution treated microstructure is changed from the recrystallised equiaxed form of the binary alloy to an unrecrystallised structure containing subgrains and coherent ZrAl, (P') particles. The latter act as excellent heterogeneous nucleation sites for 6' precipitation upon natural and artificial ageing (I).. Other than that there were no obvious differences in the 6' distribution compared to the binary alloy, either during heating up to 250°C in the DSC or during artificial ageing at 185OC. However TEM of samples heated in the DSC to 300°C and water-quenched revealed that while much of the homoeneoosly nucleated 6' had dissolved (and then reformed as a very fine dispersion during the quench), the 6' coating on the 6' particles was retained.
Thermal analysis data from the Al-Cu-Mg alloy I11 (having the same copper and magnesium content as 8091) is simpler in form, Figure 3 . In the AQ condition the alloy initially shows limited instability but then remains stable during continuous heating up to 200°C; the initial instability is more evident in alloy IV. An endotherm (E) peaking at 220°C is followed by a substantial exotherm at 270°C (F). Similar observations have previously been interpreted (4) in terms of dissolution of GP zones and the subsequent precipitation of S' and S phases. In the NA condition the GP zone endotherm (El is more pronounced as a result of the increased GP zone formation occurring during natural ageing (and associated with substantial hardening inthisalloy). Artificial ageing (8 hours at 185'C) completely suppresses further reaction during continuous heating to just under 400°C; complete precipitation of S phase had occurred during the ageing treatment. TEM observations were completely consistent with the DSC results. Alloy IV, containing similar copper and magnesium concentrations as 8090 but without any lithium, showed identical features to alloy 111.
Thermal analysis of the quaternary alloys (+ Zr) of both 8090 and 8091 compositions yielded consistent results. In the AQ condition both alloys showed signs of exothermic reactions at % 90°C (G) and 170°C (H) (see figures 4a and b). In the more concentrated 8091 alloy a single endothermic peak occurs at 230°C (I) while in 8090 the endotherm shows signs of two maxima at 230°C (I) and 250°C (J); this second peak is at the same position as the shoulder ('J') on the curve for 8091. The dominant exothermic reaction ( K ) occurs at 300°C for 8091 and 320°C for 8090.
Natural ageing has similar effects for both alloys. The low temperature exothermic reaction (G) is replaced by a pronounced heat absorption process at 130°C (L). The endotherm labelled I is similar to that in the as-quenched material, but the second peak (J) occurs at a position of lower specific heat for 8090, as does the shoulder on the curve for 8091. The exothermic reaction (K) is unaltered.
TEM studies revealed the presence of superlattice reflections in the asquenched material, and the individual 6 ' particles could be resolved in the naturally aged condition (as in the Al-Li-Zr alloy). During continuous heating up to 250°C, the 6 ' particles coarsened and the number of dislocation loops and helices increased, particularly in the previously naturally aged samples. At 270°C there was evidence of some 6 ' dissolution (this being delayed at the p ' sites) together with S phase precipitation at dislocation sites and homogeneously throughout the matrix in 8091.
After artificial ageing low temperature reactions in both alloys are suppressed but the endothermic reaction (I) has a greater magnitude. 'J' is reduced to a point of inflection on both the curves. The major exothermic reaction (K) remains unaltered by artificial ageing, even up to 72 hours at 190°C in the case of 8090.
DISCUSSION
The exothermic shift in specific heat at the start of heating (A) of asquenched material indicates instability within the alloy. This would be consistent both with GP zone formation at room temperature proposed in (2) and with 6 ' growth which is observed to occur in this alloy. The endotherm at 130°C (B) has previously been attributed to fine 6 ' dissolution ( 7 ) or GP zone dissolution (2.3). Reference to the work of Baumann and Williams (9) shows, in agreement with Papazian et a1 (3) , that even the small (a lnm) 6 ' observed at room temperature will be stable against reversion to much higher temperatures (estimated to be a 170°C for a 2.5 wt% Li alloy). This view is reinforced by the observation of the same 130°C endotherm in naturally aged samples when the 6' is much larger (5nm) for which reversion is predicted at a temperature close to the 6 ' solvus (a 290°C). Therefore, it must be concluded that there is indeed a second metstable precipitate phase present additional to the 6 ' . This may well be in the form of GP zones which are not imaged in TEM because of the presence of the very fine 6 ' which dominates the microstructure. The results imply that 6 ' and GP zones grow competitively at room temperature since natural ageing enlarges the 130°C endotherm and is observed to produce larger 6 ' particles. The absence of the 130°C endotherm in artificially aged material implies that the GP zones have been completely replaced by 6 ' . This is consistent with the calculated GP solvus which lies well below 185OC (3).
The 170°C exutherm (C) has previously been attributed to 6 ' precipitation and the current results are in agreement with this view. Baumann and Williams propose that 6 ' grows from that present as-quenched: if so this should be a continuous process on heating.
As the temperature rises the driving force for continued precipitation (i.e. the supersaturation) falls but the diffusivity rises: 170°C must represent the temperature at which these two factors result in a maximum precipitation rate.
The 6 ' dissolution peak at D, is above the 6 ' solvus, as expected for continuously heated material, and is possibly truncated at the high temperature end by the exothermic 6 (AlLi) formation reaction. On ageing (natural or artificial) the peak broadens to a plateau between D and D2. As noted earlier, Nozato and Nakai attribute this to dissolution of 6; with short range order Dl and dissolution of more fully ordered 6 ' at D2. Balmuth (7) implies that the dissolution temperature range reflects a range of particle sizes. Neither explanation is satisfactory. There is no evidence for differing degrees of order within 6' particles and in any case order should be increased by ageing. The calculations of Baumann and Williams (9) show that only very small 6' particles could dissolve at the temperature of Dl (which is below the 6' solvus) as a result of capillarity and the particles present after ageing greatly exceed this value. Hence arguments based on a range of 6' sizes cannot be sustained.
The explanation for 6' dissolution moving to lower temperatures on ageing can be found by considering the concentrations of lithium remaining in solution compared with the position of the 6' solvus. In as-quenched material a lower volume fraction of 6' is present on heating in the DSC above 185'C than in either of the other two cases. Hence the concentration of lithium in solution is greater and closer to that of the 6' solvus: the driving force for dissolution of,&' is least. In the artificially aged condition the volume fraction of 6' should decrease by a factor greater than 2 between 200 and 250°C to maintain the equilibrium concentration of lithium in solution so there is the greatest driving force for dissolution in this condition. The TEM observations suggest a decrease in 6' volume fraction although remaining particles retain their size or even coarsen.
Al-Li-Zr
The most surprising observation in this alloy is the total absence of the 130°C GP zone dissolution endotherm. If GP zone formation is competitive with 6' precipitation it is possible that either (i) the quench rate in this case was slow and more 6' formed on quenching, or (ii) more 6' formed on quenching as a result of nucleation on the 6 ' and the supersaturation of lithium was thereby reduced sufficiently to inhibit GP zone formation at room temperature. However, no definitive TEN observations have been made to support this suggestion. The more obvious 6' exotherm (C) is consistent with the growth of a larger number (or larger size) of 6' present as quenched.
The remaining endothermic and exothermic behaviour is essentially similar to that reported and discussed for the binary alloy.
Al-Cu-Mg
The results are broadly in agreement with those of Howe (4). The endotherm observed ( E ) and attributed to GP zone dissolution implies that their formation must have taken place principally during the quench. The slight exothermic instability observed in the present work below 100°C suggests continued formation of zones in this temperature range and that this may be more significant with lower solute supersaturation (alloy IV).
A notable feature in both 8090 and 8091 in the AQ condition is the presence of an exotherm (G) at % 90°C. It would appear that this is an extension of the exothermic trend observed in the same temperature range in the Al-Cu-Mg alloys. It has no parallel in the Al-Li-Zr alloy system and is presumably associated with the formation of GP zones of the Al-Cu-Mg system. The results imply that the presence of lithium inhibits the formation of these zones during quenching. The high vacancy-lithium binding energy (1) may reduce the free vacancy concentration and thus slow down the diffusion of solutes required for zone formation. Natural and artificial ageing eliminate this exotherm, presumably since GP zone formation is complete.
In the AQ condition, the 6' exotherm observed in the other lithium-containing alloys is still present. It is followed by an endotherm (I) at % 230°C which corresponds to the lower temperature range 6' dissolution and GP zone dissolution in the Al-Cu-Mg alloys. The thermal fluctuation labelled 3 cannot be interpreted in terms of a single reaction but must instead be considered as the result of the superposition of the 6' dissolution and S precipitation reactions. Over the range of the exothermic peak ( K ) , the S precipitation exotherm also overlaps at higher temperatures with the 6 formation exotherm observed at about 330°C in the Al-Li-?r alloy.
In the NA condition the most notable feature besides the disappearance of the exotherm (G) is the formation of the endotherm (L) at about 130°C. This is similar in form and position to that occurring in the A1-Li alloys and attributed to the dissolution of GP zones. Given the presence of zirconium in the quaternary alloys, it is surprising that this peak is present since the zirconium removes it in the binary system. In that instance it was suggested that it might be due to preferential 6' formation during the quench reducing the driving force for GP zone production. Magnesium is reported to reduce lithium solid solubility in aluminium, and might be considered to restore the lithium supersaturation needed for GP zone formation in the quaternary alloy. However, it seems unlikely that the magnesium addition could effect a'sufficiently large change. The role of zirconium in suppressing the 130°C endotherm and of copper and magnesium in restoring it remains a matter for speculation.
Artificial ageing destrovs the iow temperature reactions leaving the dissolution peak (I): this must be associated with 6' dissolution and is unlikely to also involve GP zones of the A1-Cu-Mg system since artificial ageing is observed to promote the formation of S. However after 8 hours at 18S0C, TEM indicates that S precipitation is incomplete (10); further precipitation of S phase is therefore possible during DSC heating as evidenced by the continued presence of thermal fluctuation (J) rather than the broad Dl,-D plateau of the Al-Li-Zr alloy. This contrasts with the ternary Al-Cu-Mg alloys In w?iich a similar artificial ageing has resulted in complete precipitation of S phase. The DSC results therefore provide additional evidence for the view that the presence of lithium delays the formation of S phase (10). 2. It appears that zirconium suppresses, and copper and magnesium additions restore A1-Li GP zone formation.
3.
Interpretation of DSC data for commercial 8090 and 8091 alloys is not possible in the absence of data for the constituent binary and ternary systems as a consequence of the overlapping of several exothermic and endothermic peaks.
.
Lithium slows down the precipitation of Al-Cu-Mg GP zones during quenching and of S phase during ageing compared with that in Al-Cu-Mg alloys. 
